Introduction
============

In 1863, Rudolf Virchow hypothesized that cancer originated from chronic inflammation^[@bib1]^. Modern research has revealed that approximately 20% of human cancers are related to chronic inflammation caused by infections, exposure to irritants or autoimmune diseases^[@bib2]^. Epidemiological studies have indicated that the occurrence and development of up to 15% of tumors are related to infections and that chronic inflammation can especially increase the risk of cancer^[@bib3],[@bib4]^. Inflammation is induced in complex ways by microbial and viral infections and can also result from allergens and autoimmune diseases. In general, chronic inflammation is thought to be particularly harmful and related to cell carcinogenesis^[@bib2]^. The carcinogenic mechanisms caused by chronic inflammation are complicated and include genetic mutation induction, angiogenesis promotion and cell proliferation. Carcinogenesis caused by inflammation is mainly related to the abnormal expression of inflammatory cytokines, including TNF-α, IL-6, IL-8, IL-1, colony stimulating factor (CSF), and macrophage migration inhibitory factor (MIF) ([Figure 1](#fig1){ref-type="fig"})^[@bib5]^. These inflammatory cytokines have a paradoxical effect on cancers by both promoting and inhibiting tumor growth. These cytokines have both local and systemic tumorigenic actions in experimental models of cancer and in patients with cancer^[@bib2],[@bib6]^. However, they also induce the hemorrhagic necrosis of tumors^[@bib7]^. These results show that the relationship between inflammation and cancer is extremely complicated ([Figure 1](#fig1){ref-type="fig"}). Nevertheless, studies have revealed that the simultaneous treatment of both inflammation and cancer may have excellent therapeutic effects, and this strategy has thus become a new research area^[@bib5],[@bib6]^.

Rhizoma coptidis has been used for centuries in China as an ingredient of many prescriptions to treat dysentery, and its main active component is berberine ([Figure 2](#fig2){ref-type="fig"})^[@bib8]^. Impressively, recent studies have shown that berberine, a small molecule alkaloid isolated from the plant, exerts anti-inflammatory and anticancer effects^[@bib8],[@bib9],[@bib10],[@bib11],[@bib12]^. Berberine possesses anti-inflammatory activity and suppresses proinflammatory responses by inhibiting mitogen-activated protein kinase signaling and cellular reactive oxygen species production^[@bib9]^. Berberine is also able to inhibit the growth of various types of cancer cells, promote the apoptosis of tumor cells, induce the differentiation of tumor cells, and suppress the metastasis of tumor cells^[@bib10]^. Berberine also possesses the ability to form strong complexes with either DNA or RNA to induce DNA damage and promote telomerase inhibition and topoisomerase poisoning^[@bib13]^. Moreover, it can also alter mitochondrial membrane potential, regulate the expression of Bcl-2 family members and the level of cell cyclin and related proteins, and inhibit some cell signaling pathways^[@bib10]^. Overall, these effects of berberine may lead to cell cycle arrest, induce cell death *via* apoptosis and activate autophagy.

Several derivatives of berberine have been synthesized to improve bioactivity and bioavailability. Structural modifications have mainly focused on the C-8, C-9, C-10, C-12 and C-13 positions of berberine^[@bib14]^, and some new skeleton analogs have been synthesized. Modification at C-8 or C-13 mainly increases its antimicrobial activity, which is also closely related to the length of the substituent chain. The substituent at the C-9 position of berberine may increase anti-tumor activity^[@bib8]^.

It is well known that berberine exerts its activity mainly in the gastrointestinal system, which is due to its low bioavailability^[@bib15]^. Therefore, special attention should be paid to the bioactivity of this natural product in the gastrointestinal system. To the best of our knowledge, there is no systematic review of the pharmacological effects of berberine and its derivatives in the digestive system. Here, we review the main advances of berberine and its derivatives as anti-inflammatory and anti-tumor agents in the digestive system to provide useful information for anticancer drug development based on berberine.

Anti-inflammatory activity in the digestive system
==================================================

The anti-gastroenteritis effect and its mechanism
-------------------------------------------------

Berberine has been used to treat inflammatory bowel disease (IBD), *eg*, dysentery, for many years. Numerous investigations on berberine have revealed its anti-inflammatory activities in the digestive system^[@bib8],[@bib11],[@bib12]^, which mainly contribute to the protection of the intestinal epithelial barrier and the regulation of intestinal inflammatory cytokines and transcription ([Figure 3](#fig3){ref-type="fig"}). Microbiology and genetics studies have shown that IBD results from an excessive immune response of the intestinal flora induced by a mucosal immune system disorder or a change in the intestinal flora composition.

The anti-inflammatory activity of berberine was detected by the reduction of proinflammatory cytokines such as TNF-α, IL-13, IL-6, IL-8 and IFN-γ ([Figure 3](#fig3){ref-type="fig"}). It has been reported that berberine is able to completely antagonize the TNF-α-mediated barrier defects in cell models, which is related to tyrosine kinase, pAkt and NF-κB pathways^[@bib16]^. One *in vitro* study demonstrated that berberine has the ability to ameliorate proinflammatory cytokine-induced intestinal epithelia tight junction damage^[@bib17],[@bib18]^. This process is regulated by cytokines^[@bib15]^ such as the Th2 cytokine interleukin-13 (IL-13), as well as TNF-α and IFN-γ^[@bib19]^. IL-8 is an important cytokine for the recruitment and activation of polymorph nuclear neutrophil cells that are abundant in the intestinal lesions of IBD. Berberine is beneficial to the mucosal healing process, possibly by inhibiting IL-8 production. For example, IL-8 production in rectal mucosa is inhibited by berberine at a concentration of 10.0 nmol/L in trinitrobenzene sulfonic acid (TNB)-induced colitis in rats^[@bib20]^. These effectors not only play important roles in inflammation but are also involved in the process of tumor development and dissemination^[@bib17],[@bib18],[@bib19],[@bib20]^.

The transcription factor activator protein 1 (AP-1) plays a critical role in inflammation and carcinogenesis. Berberine can significantly inhibit the binding activity of NF-κB and AP-1 at concentrations of 10^-4^ mol/L or higher. Further study revealed that berberine inhibited LPS-induced MCP-1/CCL2 production *in vitro via* an AP-1 and NF-κB-dependent pathway^[@bib21],[@bib22],[@bib23],[@bib24],[@bib25]^. It has been reported that berberine repressed proinflammatory responses through AMP-activated protein kinase (AMPK) activation in macrophages, significantly down-regulating the expression of proinflammatory genes such as TNF-α, IL-1β, IL-6, monocyte chemo-attractant protein-1 (MCP-1), inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2). Moreover, these inhibitory effects of berberine on proinflammatory responses were abrogated by an AMPK inhibitor, or dominant-negative AMPK, which indicated that berberine would down-regulate proinflammatory responses in macrophages *via* AMPK stimulation^[@bib26],[@bib27]^. In inflammatory responses, COX-2 plays an important role in the synthesis of prostaglandins (PGs) from arachidonic acid. An investigation revealed that berberine could inhibit COX-2 expression and prostaglandin E~2~ (PGE~2~) levels^[@bib28]^.

The anti-hepatic inflammatory effect and its mechanism
------------------------------------------------------

Berberine can down-regulate several hepatic proinflammatory genes, including TNF-α, IL-6 and serum amyloid A3 (SAA3), which are proposed to play important roles in the development of steatohepatitis^[@bib29]^. This effect of berberine may occur *via* the activation of AMPK and inhibition of NF-κB^[@bib30]^. The anti-inflammatory effect of berberine in hepatic cells has been observed in different animal models. Some *in vitro* and *in vivo* studies carried out in male albino rats have shown that berberine decreased the expression of both TNF-α and COX-2 in a hepatotoxicity rat model induced by cyclophosphamide (CP)^[@bib31]^. Berberine is able to effectively inhibit the production of IL-6 and TNF-α in HepG2 cells. Its mechanism of action for anti-inflammation could be attributed to the inhibition of ERK1/2 activation^[@bib32]^. This anti-inflammatory activity was similar to the data in a recent study reporting that berberine inhibited the LPS-induced inflammatory response in macrophages^[@bib26]^. Other researchers studied the mechanism of the anti-hepatitis effect of berberine and found that berberine significantly decreased the expression of pro-/anti-inflammatory and/or Th1/Th2 cytokines, suggesting that berberine alleviated spontaneous inflammation in non-obese diabetic mice^[@bib33]^.

The anti-tumor activity of berberine in the digestive system
============================================================

The anti-tumor activity of berberine mainly includes inhibiting the growth of tumor cells, promoting tumor cell apoptosis, inducing the differentiation of tumor cells and inhibiting the expression and metastasis of tumor cells. As summarized in [Figure 4](#fig4){ref-type="fig"}, the mechanism of these effects is the down-regulation of the level of cyclin and growth factor receptors and the inhibition of some signaling pathways^[@bib9]^. Moreover, berberine has a preventive effect on tumors *via* the regulation of inflammatory cytokines.

With its wide spectrum of anti-tumor properties, berberine has potential applications as a complementary medicine for the prevention and treatment of human cancers. Studies have already shown that berberine has potential anti-tumor activities in the digestive system including nasopharyngeal carcinoma (NPC), gastric cancer, liver cancer and intestinal cancer^[@bib9],[@bib34],[@bib35]^ ([Table 1](#tbl1){ref-type="table"}).

Berberine has also been used in combination with drugs or radiotherapy, which enhances the effect of other drugs and radiotherapy or reduces their side effects. The administration of berberine with cisplatin and evodiamine increased their cytotoxic effects on many cancer cell types^[@bib34]^. The toxicity of vincristine towards hepatoma cells is reduced by the combinatorial effects of berberine, and cell resistance to drugs is decreased by combination treatment with berberine^[@bib35]^. Moreover, the combination of radiotherapy and berberine exerts a synergistic cytotoxic effect on different tumor cell lines^[@bib36]^.

The anti-nasopharyngeal carcinoma effect and its mechanism
----------------------------------------------------------

NPC is endemic in Southern China and Southeast Asia, where radiotherapy has been the primary treatment; however, radiotherapy is not effective for advanced--stage NPC. Therefore, it is of importance to find effective and safe drugs to treat patients with NPC^[@bib37]^. Studies have demonstrated that berberine induced apoptosis and impaired the migration and invasion of the human NPC CNE-1 cell line by reducing the expression of the epithelial-mesenchymal transition-related twist^[@bib38]^. The inhibition of proliferation and telomerase activity may improve the therapeutic effect against NPC^[@bib39]^. In addition, berberine has an inhibitory effect on the growth of CNE-2 cell lines, with IC~50~ values of 49.5±5.8 (48 h) and 13.3±2.0 (72 h) μmol/L. The activity might be related to its inhibition of cyclin B, cdc25c, and CDK1 proteins^[@bib40]^.

It has been reported that berberine can suppress the invasive properties of NPC cell lines through the inhibition of Ezrin phosphorylation^[@bib41]^. Berberine can suppress metastasis by enhancing the expression of the metastasis suppression gene NM23-H1 or by targeting Rho kinase-mediated Ezrin phosphorylation in the NPC 5-8F cell line^[@bib42]^. Ezrin is highly expressed in metastatic tumors and is involved in filopodia formation as well as in the promotion of tumor metastasis. Thus, Ezrin may serve as a potential target for anti-metastatic therapy.

Current research has revealed that the signal transducer and activator of transcription 3 (STAT3) plays a pivotal role in NPC development^[@bib43]^. The activation of STAT3 may contribute to both the development and progression of NPC^[@bib44],[@bib45]^. Thus, targeting aberrant STAT3 signaling may provide an effective and novel strategy for the treatment of NPC. It has been reported that berberine suppressed the tumorigenicity and growth of NPC cells by inhibiting STAT3 activation *in vivo* and *in vitro*. In one study, C666-1 cells were injected subcutaneously into the flank of nude mice. The treatment mice were injected intraperitoneally with low or high doses of berberine (5 and 10 mg/kg, respectively) every two days. Berberine could suppress STAT3 activation in NPC grown as a xenografted tumor in nude mice. The researchers examined whether berberine could suppress STAT3 in NPC cell growth *in vitro*. The data indicated that berberine could suppress the constitutive activation of STAT3 in NPC cells and inhibit their survival ability^[@bib46]^. Mcl-1 is an anti-apoptotic member of the Bcl-2 family and promotes cell growth, survival and angiogenesis through the transcriptional up-regulation of STAT3^[@bib47]^. It has been reported that berberine can suppress the constitutive activation of STAT3 in human NPC cells by down-regulating the activity of Mcl-1. Moreover, the berberine-mediated down-regulation of Mcl-1 expression is accompanied by the down-regulation of c-FLIP, allowing the induction of TRAIL-mediated apoptosis^[@bib46],[@bib47],[@bib48],[@bib49]^.

The anti-gastric cancer effect and its mechanism
------------------------------------------------

Berberine is able to inhibit the proliferation and induce the apoptosis of gastric cancer cells. It has been reported that berberine (10 μg/mL) can cause G~0~/G~1~ cell arrest and cell apoptosis. The underlying mechanism may be attributed to the down-regulation of Bcl-2 and the up-regulation of Bax and p53 in a time- and dose-dependent manner^[@bib50]^. Other studies have demonstrated that the mechanism might be related to the inhibition of the PI3K signaling pathway^[@bib51]^. IL-8 is a type of autocrine growth factor that induces tumor blood vessel growth and promotes the growth of a wide variety of tumor invasion, metastasis and proliferation^[@bib52],[@bib53]^. Berberine reduces the level of IL-8, which is related to its inhibition of PI3K signaling pathways^[@bib54],[@bib55]^. A synergistic anti-gastric cancer effect was also observed when berberine was used in combination *in vivo* and *in vitro* models, such as the combination of berberine and *d*-limonene. The combination exerted synergistic anticancer effects on MGC803 cells by inducing cell cycle arrest, inhibiting reactive oxygen species (ROS) production, and inducing apoptosis through the mitochondria-mediated intrinsic pathway^[@bib56]^.

Berberine exhibits the ability to induce apoptosis in human gastric cancer cells by interacting with nucleic acids, especially DNA, *in vitro*^[@bib57]^. Studies have shown that berberine can cause G~0~/G~1~ cell cycle arrest and cell apoptosis^[@bib49]^ and that the mechanism is related to cell cycle-related proteins such as p21, Cdk2, Cdk4, and cyclins D1 and E^[@bib56],[@bib57]^. Some studies have reported that berberine can down-regulate the expression of mutant p53 and p21 and block human gastric carcinoma cell entrance to the cell cycle in G~0~/G~1~ phase^[@bib58]^. In addition, other studies have reported that berberine enables tumor cells to be blocked in the G~2~/M phase^[@bib59],[@bib60]^.

The anti-hepatoma effect and its mechanism
------------------------------------------

Previous studies have confirmed the anti-tumor effects of berberine on the human hepatocellular carcinoma (HCC) cell line by inhibiting proliferation and inducing apoptosis in HCC cells^[@bib61]^. CD147 is highly expressed in HCC cells, which can promote tumor invasion and metastasis, inhibit apoptosis and anoikis, promote tumor angiogenesis, and confer resistance to some chemotherapeutic drugs^[@bib62],[@bib63]^. It has been reported that berberine induces both apoptosis and cell death in HepG2 cells, which correlates with the down-regulation of CD147^[@bib64]^. AMPK is a metabolic sensing protein kinase. Its activation is accompanied by an apoptotic effect that occurs in a caspase-dependent manner through the mitochondrial pathway. Studies have demonstrated that the activation of AMPK leads to the induction of apoptosis in numerous human cancer cell types^[@bib65]^. Studies have also demonstrated that berberine selectively inhibited the growth of human hepatocellular cancer cells by inducing AMPK-mediated caspase-dependent mitochondrial pathway cell apoptosis^[@bib66]^. Synergistic anti-tumor effects were also observed when berberine was used in combination to treat hepatoma. The combined use of berberine and evodiamine could significantly enhance the apoptosis of SMMC-7721 cells, which was related to the up-regulation of the level of TNF-α^[@bib67]^. In addition, the use of berberine in combination with the microtubule poison vincristine has been proven to be efficient against hepatoma cell lines by potentiating the pro-apoptotic effect of the single drug^[@bib68]^. Other studies have shown that the interstitial implantation of radioactive seed ^125^I induced hepatoma cell apoptosis. This effect could be enhanced when ^125^I was combined with berberine, which induces apoptosis, cell degeneration and necrosis^[@bib69]^. Studies have also indicated that the anti-tumor activity of gamma radiation is significantly enhanced by berberine *via* the activation of the p38 MAPK pathway and ROS generation in human hepatoma cells^[@bib36],[@bib70]^.

Berberine inhibits the migration of hepatoma cells, as confirmed by several reports. Berberine has gradually entered the limelight for its potentially therapeutic effect against the invasion and metastasis of various cancer cell lines. It has been reported that berberine inhibited the migration of hepatocellular carcinoma cells by down-regulating the Rho/ROCK signaling pathway^[@bib71]^. Some researchers have observed that berberine exhibits significant cytotoxicity in HepG2 cells, mainly through the up-regulation of ROS production, but is ineffective in normal liver cells^[@bib72]^. Further study has indicated that berberine may be a potential alternative therapy against invasive hepatoma cells through PI3K-AKT and ERK pathway-dependent down-regulation of metalloproteinase-9 expression.

Berberine can block the cell cycle of hepatoma cells. The mechanism mostly occurs through its downstream-regulated genes or proteins. Researchers used a computational pipeline based on a ligand-protein inverse docking program and mining of the \'Connectivity MAP\' data to explore potential target proteins for berberine. Their computational and experimental results showed that CaM might be a potential target of berberine. A biological assay indicated that berberine induced G1 cell cycle arrest in Bel7402 cells partially by interacting with CaM and blocking subsequent signal cascades. These results provided new hints for the study of the mechanism of the anticancer action of berberine on tumor cells^[@bib73]^. The tumor suppressor p53 was reported to play a key role in the anti-tumor action of berberine. A recent study has revealed that berberine may up-regulate p53 expression by suppressing its inner inhibitor MDM2 at the post-transcriptional level^[@bib74],[@bib75]^. It has been reported that berberine may increase the expression of the primary precursor, precursor and mature forms of miR-23a, which could enhance berberine-induced G~2~/M cell cycle arrest^[@bib76]^.

The anti-colorectal cancer effect and its mechanism
---------------------------------------------------

Berberine can inhibit the growth of human colorectal adenocarcinoma *in vivo* and *in vitro*. The inhibition is related to the induction of G~1~/S and G~2~/M cell cycle arrest, which depends on the regulation of checkpoint protein expression. It has been reported that berberine can inhibit colorectal adenocarcinoma growth by inducing G~2~/M phase arrest and down-regulating the expression of related cyclins, such as cyclins B1, cdc2 and cdc25c. The IC~50~ value is 40.79±4.11 μmol/L (72 h)^[@bib77]^. Other studies indicated that a combination of berberine and evodiamine could inhibit cell proliferation by down-regulating miR-17--92 and E2F1 protein expression in colorectal cancer HT29 cells^[@bib78]^. Berberine is combined with irinotecan to potentiate the cytotoxicity of colon cancer cells, which might be attributed to an increased rate of apoptosis, possibly mediated by the inhibition of NF-κB activation^[@bib35]^. Research has indicated that berberine can inhibit the growth of colon carcinoma lovo cells and induce their apoptosis; the mechanism is associated with inhibition of COX-2 expression^[@bib79]^. EGFR is a tyrosine kinase that participates in the regulation of cellular homeostasis, which influences cell proliferation, apoptosis, migration, survival and complex processes, including angiogenesis and tumorigenesis^[@bib80]^. Berberine was able to decrease proliferation and EGFR expression levels in colon epithelial cells, which correlated with the enhancement of Cbl activity^[@bib81]^.

The current study has demonstrated that berberine possesses the ability to cause cell cycle arrest, induce apoptosis and inhibit inflammation in colon cancer cells. Studies have shown that berberine arrested the SW480 cell cycle at the G~2~/M phase. Some biochemical events were observed, including the loss of mitochondrial membrane potential, the release of cytochrome-*c* into the cytosol, the induction of Bcl-2 family proteins and caspases, and the cleavage of poly (ADP-ribose) polymerase (PARP). Furthermore, berberine inhibited caspase-8-mediated angiogenesis, as confirmed through the inhibition of the expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), vascular endothelial growth factor (VEGF) and survivin^[@bib82]^. Apoptosis-inducing factor (AIF), a mitochondrial oxidoreductase, is one of the best-studied mediators stimulating caspase-independent cell death. Berberine induces the ROS-mediated stimulation of AIF activation through cathepsin B release and PARP activation, which leads to caspase-independent cell death in colon tumor cells^[@bib83]^.

Berberine not only exhibits growth suppression effects and induces apoptosis but can also prevent the formation of colorectal carcinoma, which depends on the regulation of the related protein expression of berberine. COX-2 plays a key role in the formation of cancers, and berberine possesses a down-regulatory effect on the mRNA and protein expression of COX-2^[@bib84]^. Numerous studies have demonstrated that PPARγ prevents the formation of and induces apoptosis in colon cancer^[@bib85],[@bib86]^. Thus, PPARγ is likely to become a new target for the prevention and treatment of colon cancer. It has been reported that berberine exhibited inhibitory effects on the proliferation of lovo cells but decreased the expression level of PPARγ mRNA in lovo cells^[@bib87]^. Berberine can also prevent the appearance of malignant morphology and ultrastructural changes of azoxymethane (AOM)-induced cancer by producing apoptosis-like changes. Thus, berberine inhibits neoplastic transformation by inducing the antioxidant defense system^[@bib88]^.

Structure-activity relationships of the derivatives of berberine
================================================================

Anti-inflammation activity
--------------------------

Berberine exhibits anti-inflammatory effects *via* inhibiting the activation of related inflammatory factors such as iNOS, COX-2, IL-1, IL-6 and NF-κB. However, research on the anti-inflammatory effects of berberine derivatives in the digestive system is rare. Recently, 13-alkyl-substituted berberines have been synthesized and shown to be more active than berberine against certain bacterial species and human cancer cell lines. The concentrations of the 50% inhibition of NO production (IC~50~) of compounds **1** and **2** were 11.64 and 9.32 μmol/L, respectively ([Figure 5](#fig5){ref-type="fig"}). Neither the mRNA expression of iNOS, COX-2 or TNF-α nor the protein expression of COX-2 or TNF-α was affected by the compounds, but the production of PGE~2~ in LPS-stimulated RAW 264.7 cells was significantly reduced. Strikingly, compounds **1** and **2** increased the production of IL-12 in LPS-treated splenic macrophages^[@bib89]^.

Anti-tumor activity
-------------------

Structural modifications have been carried out by several research groups to investigate the structure-activity relationship of anti-tumor activity and the corresponding mechanism of berberine derivatives. These works have mainly focused on the C-8, C-9, and C-13 positions for various pharmaceutical purposes. Fourteen compounds of C-13-substituted berberine derivatives were designed and synthesized; seven of these were novel compounds, and all target compounds showed higher anti-tumor activities than berberine. In particular, compound **3** exhibited potential anticancer activities on HepG2 cells, with an IC~50~ value of 0.08 μg/mL ([Figure 6](#fig6){ref-type="fig"}). The primary structure-activity relationship demonstrated that 13-alkyl berberine derivatives showed obviously higher anti-tumor activities than 13-benzyl berberine derivatives, and a moderate alkyl chain length was beneficial for anti-tumor activity^[@bib90]^.

Ding synthesized a series of 8-alkyl-13-bromo-berberine derivatives to study their anti-tumor activities. The results showed that the carbon chain length of the derivatives was highly correlated with tumor cell sensitivity. Compound **4** (8-octyl-13-bromo-berberine) showed remarkable anti-tumor activity, and its inhibitory rate was 96.82% at 32 μg/mL. The IC~50~ of compound **4** was 3.33 μg/mL ([Figure 6](#fig6){ref-type="fig"})^[@bib91]^. Li reported a novel berberine--bile acid analog that exhibited greater cytotoxicity than berberine in several human cancer cell lines. The study indicated that berberine induces ROS-triggered caspase-dependent and caspase-independent apoptosis pathways in SMMC-7721 cells^[@bib92]^.

Bi synthesized a series of cycloberberine derivatives and evaluated their anticancer activity. Compounds **5**, **6** and **7** showed strong inhibition on human HepG2 cells, with IC~50~ values of 176, 123 and 91 nmol/L, respectively ([Figure 6](#fig6){ref-type="fig"}). In particular, compound **7** significantly inhibited the activity of DNA TopI at 0.1 mg/mL, indicating that the mechanism might involve cell cycle arrest at the G~2~/M phase of HepG2 cells by berberine^[@bib93]^.

Bhowmik investigated the structural effects and thermodynamics of the DNA binding of six berberine analogs with alkyl chains of varying length and a terminal phenyl group at the C-13 position. Phenylalkyl substitution at the C-13 position considerably enhanced DNA binding, especially when the analog has a -(CH~2~)~3~-linker^[@bib94]^. Jin designed and synthesized a series of new triazolyl berberine derivatives to search for novel anticancer agents; most of the synthesized compounds displayed stronger anticancer activity against SMMC-7721 than berberine. Among these derivatives, compounds **8** and **9** exhibited the most potent inhibitory activities against the SMMC-7721 cell lines, with IC~50~ values of 14.861±2.4 μmol/L and 16.798±3.4 μmol/L, respectively ([Figure 6](#fig6){ref-type="fig"})^[@bib95]^. Li designed and synthesized a series of new 1,13-cycloprotoberberine derivatives defined by variations at the 9-position and evaluated their cytotoxicity in HCT116 (a human colorectal cancer cell line) cells. The result revealed that the replacement of 9-methoxyl with an ester moiety significantly enhanced antiproliferative activity *in vitro*. Further study showed that compound **10** ([Figure 7](#fig7){ref-type="fig"}) significantly inhibited the activity of DNA topoisomerase I (Top I) and led to Top II G~2~/M phase arrest, resulting in tumor cell growth reduction^[@bib96]^. To explore the anticancer activity of the derivatives of berberine, Luis synthesized three berberine derivatives, compounds **11**, **12** and **13** ([Figure 7](#fig7){ref-type="fig"}). A bioassay of these compounds on two human colon carcinoma cell lines showed that the derivatives induced cell cycle arrest and cell death through apoptosis, and the effect of the derivatives was stronger than that of the lead compound^[@bib97]^. To improve its efficacy and bioavailability, these researchers designed and synthesized several derivatives of 9-substituted berberine derivatives. Among the derivatives, five compounds (**14--18**) significantly affected the proliferation of human colon carcinoma cell lines. Remarkably, these active compounds exhibited the ability to induce autophagy^[@bib98]^.

A series of cycloberberine derivatives were synthesized and evaluated for their anti-tumor activity *in vitro*. Among these analogs, compounds **19--21** showed strong inhibition on human HepG2 cells by blocking cells at the G~2~/M phase induced by the significant inhibition of DNA Top I^[@bib99]^. Oxyberberine (**22**) belongs to the protoberberine alkaloids isolated mainly from *Acangelisia gusanlung*, *Cocculus orbiculatus* and *Phellodendron amurense*. Oxyberberine showed significant cytotoxicity against HCT116 cells, with an ED~50~ value of 3.0 μmol/L^[@bib100]^. Synthetic studies of these alkaloids were performed, and various analogs were synthesized. The novel benzoazepinoisoquinolone **23**, a seven membered B-ring of oxyberberine, was reported with anti-tumor activity against cell lines originating from human tumors. The IC~50~ value of compound **23** was 2.80 μmol/L for HCT116 cells ([Figure 8](#fig8){ref-type="fig"})^[@bib100],[@bib101]^.

Conclusions and perspective
===========================

In conclusion, inflammation, especially chronic inflammation, is an indispensable participant in the neoplastic process, fostering the proliferation, survival and migration of tumor cells. In addition, some anti-inflammatory drugs, such as chemotactic factor antagonists, glucocorticoids and non-steroidal anti-inflammatory drugs, have been used as auxiliary anticancer treatments in the clinic. As a natural compound with both anti-inflammatory and anti-tumor activities, berberine shows great potency in cancer treatment. Furthermore, as the anti-inflammatory and anti-tumor activities of berberine are not particularly strong, the structural modification of berberine is necessary and has good prospects. Previous reports of structural modifications to berberine have mainly focused on a single site, such as the C-8, C-9, C-12, C-13 position. However, this study is the first to systematically evaluate the structural modifications of berberine for the treatment of inflammation and cancer in the digestive system.

For developing berberine-based novel anticancer drugs, the activity and balance of both anti-inflammation and anti-tumor properties should be more closely monitored while investigating the structure-activity relationship of berberine derivatives in the digestive system. The structure of berberine should be modified to produce more active compounds with high bioavailability and metabolic stability. Working in this way, we believe that novel anticancer drugs based on the natural product berberine with both anti-inflammation and anti-tumor activities could be developed in the near future.
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###### Effects of berberine on various cancer cell lines.

  Cell line                        Origin                     Effect
  -------------------------------- -------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  NCE-1, NCE-2, NPC5-8F, C666-1    Nasopharyngeal carcinoma   Telomerase, Ezrin and STAT3 inhibition
  MGC803                           Gastric carcinoma          Down-regulation of Bcl-2 and up-regulation of Bax and p53; cycle arrest and cell apoptosis
  HCC, HepG2, SMMC-7721, Bel7402   Hepatoma                   Cytochrome *c* release; Bcl-2/Bcl-xL decrease; activation of the AMPK-mediated caspase-dependent mitochondrial pathway; down-regulation of the Rho/ROCK signaling pathway
  HT29, SW480                      Colorectal cancer          Cell cycle arrest; loss of mitochondrial membrane potential; induction of Bcl-2 family proteins; COX-2 regulation
